Lysosomal degradation of cytoplasmic components by autophagy is essential for cellular survival and homeostasis under nutrient-deprived conditions [1] [2] [3] [4] . Acute regulation of autophagy by nutrient-sensing kinases is well defined 3,5-7 , but longer-term transcriptional regulation is relatively unknown. Here we show that the fed-state sensing nuclear receptor farnesoid X receptor (FXR) 8, 9 and the fasting transcriptional activator cAMP response element-binding protein (CREB) 10,11 coordinately regulate the hepatic autophagy gene network. Pharmacological activation of FXR repressed many autophagy genes and inhibited autophagy even in fasted mice, and feeding-mediated inhibition of macroautophagy was attenuated in FXR-knockout mice. From mouse liver chromatin immunoprecipitation and high-throughput sequencing data 12-15 , FXR and CREB binding peaks were detected at 178 and 112 genes, respectively, out of 230 autophagy-related genes, and 78 genes showed shared binding, mostly in their promoter regions. CREB promoted autophagic degradation of lipids, or lipophagy 16 , under nutrient-deprived conditions, and FXR inhibited this response. Mechanistically, CREB upregulated autophagy genes, including Atg7, Ulk1 and Tfeb, by recruiting the coactivator CRTC2. After feeding or pharmacological activation, FXR trans-repressed these genes by disrupting the functional CREB-CRTC2 complex. This study identifies the new FXR-CREB axis as a key physiological switch regulating autophagy, resulting in sustained nutrient regulation of autophagy during feeding/fasting cycles.
Lysosomal degradation of cytoplasmic components by autophagy is essential for cellular survival and homeostasis under nutrient-deprived conditions [1] [2] [3] [4] . Acute regulation of autophagy by nutrient-sensing kinases is well defined 3,5-7 , but longer-term transcriptional regulation is relatively unknown. Here we show that the fed-state sensing nuclear receptor farnesoid X receptor (FXR) 8, 9 and the fasting transcriptional activator cAMP response element-binding protein (CREB) 10, 11 coordinately regulate the hepatic autophagy gene network. Pharmacological activation of FXR repressed many autophagy genes and inhibited autophagy even in fasted mice, and feeding-mediated inhibition of macroautophagy was attenuated in FXR-knockout mice. From mouse liver chromatin immunoprecipitation and high-throughput sequencing data [12] [13] [14] [15] , FXR and CREB binding peaks were detected at 178 and 112 genes, respectively, out of 230 autophagy-related genes, and 78 genes showed shared binding, mostly in their promoter regions. CREB promoted autophagic degradation of lipids, or lipophagy 16 , under nutrient-deprived conditions, and FXR inhibited this response. Mechanistically, CREB upregulated autophagy genes, including Atg7, Ulk1 and Tfeb, by recruiting the coactivator CRTC2. After feeding or pharmacological activation, FXR trans-repressed these genes by disrupting the functional CREB-CRTC2 complex. This study identifies the new FXR-CREB axis as a key physiological switch regulating autophagy, resulting in sustained nutrient regulation of autophagy during feeding/fasting cycles.
Metabolic nuclear receptors function as intracellular biosensors for lipid metabolites and nutrients, including bile acids and fatty acids, and transduce the nutrient signals into transcriptional programming to maintain homeostasis 8, 9 . The nuclear receptor FXR is activated by increased bile acid levels after feeding, and controls postprandial metabolic responses 8, 9 . Because FXR is a fed-state sensing gene regulator, we postulated that FXR transcriptionally represses hepatic autophagy in the postprandial period.
From mouse liver chromatin immunoprecipitation followed by highthroughput sequencing (ChIP-seq) data 12, 13 , FXR binding peaks were detected near the transcription start sites (TSSs) of 178 out of 230 autophagy-related genes involved in key autophagic processes (Supplementary Table 1 , selected genes displayed in Extended Data Fig. 1a ). FXR, therefore, may directly repress hepatic autophagy. To confirm the ChIP-seq results, liver ChIP analysis was performed in mice treated with GW4064, a specific agonist of FXR, rather than bile acids, which activate several signalling pathways 9 . Treatment with GW4064 in fasted mice increased FXR occupancy at many autophagy genes, and decreased messenger RNA levels of most of these genes in wild-type mice, but not in FXR-knockout (Fxr 2/2 ) mice, and also decreased their pre-mRNA levels (Fig. 1a, b and Extended Data Fig. 1b-d ). Activation of FXR, thus, increased its occupancy at many autophagy genes and repressed their expression.
We next tested whether activation of FXR suppresses macroautophagy. Fasting increased the number of autophagic vesicles in liver, but the increase was significantly blunted by GW4064 treatment (Fig. 1c ). Mitochondria in double-membrane autophagosomes or autolysosomes, known as mitophagy, were detected in fasted wild-type mice but not after GW4064 treatment. Increased abundance of LC3 conjugated to phosphatidylethanolamine (LC3-II) is an indicator of autophagic flux 17 , whereas the autophagosome adaptor p62 (also known as SQSTM1) accumulates when autophagy is inhibited 17 . Treatment with GW4064 decreased LC3-II and increased p62 levels in mouse liver extracts (Fig. 1d ), and decreased LC3-II levels were observed in hepatocytes after lysosomal inhibition with the autophagy inhibitors bafilomycin A 1 (Fig. 1e ) or chloroquine (Extended Data Fig. 2a ). These results indicate that FXR inhibits autophagy by transcriptionally repressing autophagy components, probably independently of lysosomal function.
To avoid confounding in vivo effects, such as induction of intestinal FGF19 by FXR 18 , direct FXR effects on autophagy were examined in mouse hepatoma Hepa1c1c7 cells. The increase in green fluorescent protein (GFP)-LC3 puncta in cells incubated in HBSS starvation media was attenuated by GW4064 treatment, but not if FXR was also downregulated ( Fig. 1f ). These findings indicate that FXR directly inhibits autophagy.
Because FXR is activated after feeding by bile acids, we tested whether FXR regulates autophagy under physiological conditions. The decrease in GFP-LC3 puncta after feeding in wild-type mice was markedly attenuated in Fxr 2/2 mice ( Fig. 2a and Extended Data Fig. 2b ), and feeding decreased LC3-II levels and increased p62 levels in wild-type, but not in Fxr 2/2 , mice ( Fig. 2b) . These findings indicate that FXR acts as a key physiological repressor of autophagy in the fed state.
After feeding, autophagy components are suppressed by the nutrientsensing mammalian target of rapamycin (mTOR)-S6 kinase pathway 3,5-7 , which could potentially mediate FXR inhibition of autophagy. Activation or downregulation of FXR resulted in expected changes in LC3-II levels, but no changes in phosphorylated S6 (p-S6) levels ( Fig. 2c ). Similar effects were observed after GW4064 treatment in hepatocytes ( Fig. 2d ) and liver extracts ( Fig. 2e ). Furthermore, treatment with the mTOR inhibitor rapamycin increased LC3-II levels as expected, and co-treatment with GW4064 prevented the increase without changing the p-S6 levels (Fig. 2f ). These results indicate that FXR-mediated inhibition of autophagy seems to be independent of mTOR activation.
To examine how FXR inhibits autophagy genes further, we analysed DNA binding motifs in FXR binding peak regions detected by ChIP-seq 12 . Inverted repeat 1 (IR1) DNA binding motifs for FXR were not detected in sequences common to the FXR peak regions, but binding sites for several transcription factors (Supplementary Table 2 ) were detected, including the top scoring motifs, TGACGT(C/T)(A/T), for CREB ( Fig. 3a) , a key transcriptional activator that drives fasting responses 10, 11 . Remarkably, in published liver ChIP-seq data for CREB 15, 19 and FXR 12, 13 , CREB peaks were detected at 112 out of 230 autophagy genes ( Supplementary Table 3 ), and overlapped with FXR peaks in 78 genes ( Fig. 3b and Supplementary Table 4 ), mostly within 1 kilobase (kb) of the TSS ( Supplementary  Table 3 ). Selected autophagy-related genes with overlapping FXR-and CREB-binding sites are listed in Fig. 3c and peaks are displayed in Extended Data Fig. 3a . Co-occupancy of FXR and CREB at these genes was confirmed in re-ChIP assays (Extended Data Fig. 3b ). Downregulation of CREB decreased expression of autophagy genes ( Fig. 3d ) and reduced the number of GFP-LC3 puncta ( Fig. 3e ) in hepatic cells. These results indicate that CREB is a novel transcriptional activator of autophagy and that FXR may antagonize the CREB activity.
We next examined autophagic degradation of lipids, known as lipophagy 16 . Lipophagy, detected by co-staining of LC3 puncta with the fluorophore dipyrromethene boron difluoride (BODIPY 581/591), was reduced in fasted cells by downregulation of CREB ( Fig. 3f ). Furthermore, overexpression of CREB reversed the inhibition of autophagy mediated by downregulation of ATG7 (Extended Data Fig. 4a, b ). By contrast, downregulation of FXR increased lipophagy in non-fasted cells (Fig. 3g ), and FXR activation decreased lipophagy in fasted cells (Extended Data Fig. 4c ). These results indicate that CREB and FXR oppositely regulate lipophagy in response to nutritional conditions. To examine regulation of autophagy genes by FXR and CREB, an Atg7 or Tfeb DNA fragment that contained FXR and CREB binding peaks was inserted into a luciferase vector (Atg7-luc and Tfeb-luc, respectively).
Overexpression of CREB and its coactivator CRTC2 (ref. 10) increased, whereas overexpression of FXR inhibited luciferase activity ( Fig. 4a ). Mutation of the CREB site or downregulation of CREB blocked the FXR inhibition (Extended Data Fig. 5a, b ). Tfeb-luc activity that was increased by CREB-CRTC2 was attenuated by FXR, but not by other nuclear receptors (Extended Data Fig. 5c ). In co-immunoprecipitation studies, the interaction of CREB with CRTC2 was blocked, whereas interaction of CREB with FXR was increased by GW4064 treatment (Extended Data Fig. 5d ). In glutathione S-transferase (GST) pull-down studies, CREB interacted with the carboxy-terminal domain of FXR (Extended Data Fig. 5e ). These results indicate that FXR may trans-repress autophagy genes by directly interacting with CREB and suppressing its activity. Supporting this conclusion, a DNA-binding-deficient FXR mutant did not increase FXRE-luc activity but repressed Tfeb-luc activity (Extended Data Fig. 5f , g).
The functional interaction of FXR with the CREB-CRTC2 complex was next examined by ChIP assay. Occupancy of CREB at autophagy genes was not changed, whereas that of FXR and CRTC2 was increased and decreased, respectively, and RXR-a occupancy was barely detectable after GW4046 treatment (Extended Data Fig. 6a, b) . In re-ChIP assays, GW4064 treatment decreased CRTC2 and increased FXR occupancies kDa LETTER RESEARCH at CREB-bound autophagy genes, including Atg7, Tfeb and Ulk1 in wildtype mice, but not in Fxr 2/2 mice ( Fig. 4b and Extended Data Fig. 6c, d ). Downregulation of CREB decreased FXR occupancy, suggesting that CREB is important for FXR recruitment (Extended Data Fig. 6e ), and similar effects were observed in mice fed cholic acid chow (Extended Data Fig. 7a, b ). In gel-shift assays with an Atg7 probe, FXR and CRTC2 individually formed complexes with CREB, and FXR caused dissociation of the CREB-CRTC2 complex and formation of a CREB-FXR complex ( Fig. 4c) . Similar results were observed with Tfeb or Ulk1 probes (Extended Data Fig. 6f-h) . Remarkably, activation of FXR was required for the FXR competition ( Fig. 4d ). Occupancy of FXR at the Atg7, Ulk1 and Tfeb genes correlated with increased repressing and decreased activating histone marks and increased occupancy of the corepressors NCoR and SMRT ( Fig. 4e and Extended Data Fig. 7c, d ), suggesting formation of a repressive transcriptional complex. These results indicate that FXR trans-repressed autophagy genes by disrupting the CREB-CRTC2 complex. We next examined whether physiological activation of FXR after feeding dissociates CRTC2 from the CREB complex. Consistent with previous studies 10 , CRTC2 was present in the nucleus in fasted animals and largely excluded from the nucleus in fed wild-type, but not Fxr 2/2 , mice ( Fig. 4f and Extended Data Fig. 8a ). By contrast, nuclear localization of FXR was markedly increased by feeding or GW4064 treatment, whereas FXR was detected in both the nucleus and cytoplasm during fasting (Extended Data Fig. 8b , c). Fasting increases CREB and CRTC2 activity by phosphorylation and dephosphorylation, respectively 10 . p-CREB was detected in the nucleus in fasted mice, whereas p-CRTC2(Ser 171) and CRTC2 were in the cytoplasm of fed mice, but the feeding-induced cytoplasmic localization of p-CRTC2(Ser 171) and CRTC2 was partially reversed in Fxr 2/2 mice ( Fig. 4g and Extended Data Fig. 8a ). Fasting increased phosphorylated protein kinase A (p-PKA) levels, whereas p-PKB was undetectable and phosphorylated AMP-activated protein kinase (p-AMPK) was not changed (Extended Data Fig. 8d, e ). GW4064 inhibition of Atg7 and Tfeb genes was attenuated by expression of a phosphorylation-defective CRTC2(Ser171Ala) mutant constitutively retained in the nucleus 10 , but overexpression of FXR reversed this effect (Extended Data Fig. 8f-h) . These data suggest that both the phosphorylation status of CREB-CRTC2 and disruption of the CREB-CRTC2 complex by activated FXR are probably important for CREB-dependent fed-state regulation of autophagy genes.
a r a p T f e b A t p 6 v 1 b 1 C t s a D n m 1 S h p U lk 1 A t g 2 a A t g 2 b A t g 3 A t g 5 A t g 7 A t g 1 0 A t g 1 6 l1 L c 3 a L c 3 b T f e b A t p 6 v 1 b 1 C t s a D n m
In re-ChIP assays, feeding substantially increased FXR occupancy at CREB-bound genes, whereas occupancy of CRTC2 was decreased RESEARCH LETTER (Fig. 4h , i and Extended Data Fig. 9a, b ). By contrast, in Fxr 2/2 mice, the feeding-mediated decrease was reversed, but only partially. Reductions in the mRNA and pre-mRNA levels of these genes after feeding were partially or fully blocked in Fxr 2/2 mice (Extended Data Fig. 9c, d) . These partial effects in Fxr 2/2 mice suggest that other meal-related signals also contribute to autophagy gene regulation. Indeed, treatment with insulin, FGF19 or GW4064 downregulated autophagy genes to different extents, in a gene-specific manner (Extended Data Fig. 9e ). These findings reveal that disruption of the CREB-CRTC2 complex and transrepression of autophagy genes by activated FXR is one mechanism by which autophagy is inhibited after feeding. The present study identifies FXR and CREB as transcriptional regulators of the autophagy gene network (Fig. 4j ). During nutrient-deprived fasting, CREB-CRTC2 activates transcription of autophagy-related genes involved in several autophagic processes. After feeding, bile-acid-activated FXR (mimicked by GW4064) interacts with CREB, disrupts the CREB-CRTC2 complex, resulting in decreased nuclear CRTC2 levels, formation of a repressive transcriptional complex, and inhibition of autophagy genes. In addition, feeding-induced changes in the phosphorylation levels of CREB and CRTC2 are also important in disrupting the CREB-CRTC2 complex. The hepatic FXR-CREB axis may also be relevant to other tissues as both proteins are expressed in many tissues. Furthermore, the CREB-CRTC2 complex also activates transcriptional programs of gluconeogenesis and endoplasmic reticulum stress 10, 11 . It will be interesting to see whether FXR more generally inhibits CREB-activated genes.
Notably, both FXR and CREB regulate expression of TFEB, a key activator of autophagy/lysosomal genes 20, 21 . Some autophagy genes seem to be regulated predominantly by either CREB or TFEB or by both (Extended Data Fig. 4d, e and Supplementary Table 5 ). In addition, other nutrient-sensing regulators, such as peroxisome proliferator-activated receptor-a (PPARa) (see accompanying manuscript 22 ), probably transcriptionally regulate autophagy. Only about 45% of FXR autophagytarget genes had shared FXR-CREB binding, so that FXR may act by several mechanisms that are gene-or DNA-context-specific. FXR may trans-repress by disrupting the CREB-CRTC2 complex or by competing with PPARa for DNA binding, or both mechanisms may occur in the same gene. PKA-activated CREB may also be important early in fasting and dominant after feeding following a short fast, and fatty-acid-activated PPARa may be more important after prolonged fasting followed by refeeding. Supporting this idea, time-dependent occupancy of CREB-CRTC2 and PPARa-PGC-1a after fasting was observed at different regions of the Atg7 and LC3a (also known as Map1lc3a) genes (Extended Data Fig. 10 ).
Autophagy is known to be crucial for cellular survival under extremely stressful conditions, but the present study demonstrates that it occurs physiologically during fasting/feeding cycles by regulation of FXR and CREB, and also mediates lipid catabolic functions. Nutrient-sensing kinases, including mTOR, rapidly decrease activity and/or stability of core autophagic proteins. By contrast, transcriptional regulation by FXR and CREB, which is probably independent of the acutely acting mTOR, is slower and more persistent, which should effectively sustain regulation of autophagy for longer period of times.
Defective autophagy has been implicated in many human diseases, but excess autophagy promotes cell death and also tumour progression 3, 23, 24 . In this regard, the nutrient-sensing FXR-CREB axis that tightly regulates the autophagy gene network may present new molecular targets for treating diseases associated with autophagy dysfunction, including metabolic disorders, neurodegenerative disease and cancer.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Reagents. Antibodies for FXR (sc-13063), CREB (sc-186), CRTC2 (sc-46272, sc-271912), RNA polymerase II (sc-9001), NCoR (sc-8994), SMRT (sc-1612), p300 (sc-584), PGC-1a (sc-13067), H3K27me2 (Abcam 050851), H3K4me2 (Abcam 8580), ubiquitin (sc-9133), lamin A (sc-20680), b-tubulin (sc-5274) and actin (sc-1616) were from Santa Cruz Biotechnology. Antibodies for p(S133)-CREB (9198S), LC3 (4108), p62 (5114), S6 kinase (9202), p-S6 kinase (9208) and ATG7 (2631) were from Cell Signaling; and the p(S171)-CRTC2 (bs-3415R) antibody was from Bioss USA. Mouse Creb1 siRNA was purchased from Thermo Scientific, Fxr siRNA and control siRNA from Dharmacon, and Atg7 siRNA from Life Technologies (AM16708).
In vivo experiments. Eight-to-twelve-week-old male C57BL/6 mice and Fxr 2/2 mice were used for in vivo animal studies. Mice were fasted for 10 h and treated with vehicle or GW4064 (30 mg kg 21 , intraperitoneally) for 6 h, or were fasted or refed for 6 h. For electron microscopy studies, liver samples were stained with uranyl acetate/lead citrate and then imaged by transmission electron microscopy (EM902A; Carl Zeiss). For FXR activation assays, 10-12-week-old male C57BL/6J mice or Fxr 2/2 mice (Jackson lab) were fasted for 10 h and then injected intraperitoneally with GW4064 (30 mg kg 21 ) for 6 h or fed normal chow or 0.5% cholic-acidsupplemented chow for 6 h. Livers were then collected for molecular, biochemical and imaging analyses. Adenoviral experiments were performed as previously described [25] [26] [27] . Ad-GFP-LC3 (0.5 3 10 9 -1 3 10 9 active particles per mouse in 200 ml PBS) was injected via tail vein into wild-type or Fxr 2/2 mice, and 1 week later, the mice were fasted overnight and livers were collected. The frozen or paraffin-embedded liver sections were prepared for staining. In vivo experiments were approved by the Institutional Animal Care and Use and Biosafety Committees. Liver transmission electron microscopy. Mouse liver was fixed using Karnovsky's fixative solution (1% paraformaldehyde, 2% glutaraldehyde, 2 mM CaCl 2 and 100 mM sodium cacodylate, pH 7.4) for 2 h and washed with 100 mM sodium cacodylate, pH 7.4. After post-fixing with 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 h, mice livers were dehydrated with 50-100% alcohol and stained en bloc with 0.5% uranyl acetate. The liver tissues were embedded in Poly/Bed 812 resin (Pelco), polymerized, and sectioned using a Reichert Jung Ultracut S microtome (Leica) and stained with uranyl acetate and lead citrate. The liver tissue was imaged by transmission electron microscopy (EM902A; Carl Zeiss). Histology and immunohistochemistry. For in vivo detection of hepatic autophagy, frozen or paraffin-embedded samples of liver expressing GFP-LC3 via adenoviral infection were fixed with 4% paraformaldehyde and nuclei were stained with 49,6diamidino-2-phenylindole (DAPI) and images were taken by confocal microscopy and analysed by ZEN software (Zeiss LSM700). GFP-LC3 puncta were counted in 30 cells for each group and the average number per cell is reported. For monitoring endogenous FXR and CRTC2 localization, paraffin-embedded liver slides were incubated with their primary antibody for 2 h and with secondary antibody, Alexa 647 goat anti-mouse or anti-rabbit IgG for 1 h. Nuclei were labelled with DAPI and images were taken and analysed by confocal microscopy (Zeiss, LSM700). For autophagy studies in cells, Hepa1c1c7 cells were transfected with GFP-LC3 plasmid and/or with 5-20 nM of siRNA for the indicated genes for 24-48 h. Cells were incubated in either complete media or serum free media for 24 h followed by 1 h in HBSS. Cells were treated with GW4064 overnight. Fluorescent detection of lipophagy. Hepa1c1c7 cells were transfected with siRNAs and plasmids (GFP-LC3, CREB overexpression plasmid). After 36 h, cells were supplemented with 400 mm oleic acid (O3008, Sigma) for 6 h before incubation in HBSS for 3 h. Cells were fixed with 4% paraformaldehyde (28908, Thermo Scientific) and washed with PBS. A final concentration of 1 mg ml 21 of BODIPY 581/591 (D-3861, Life Technologies) in 150 mM NaCl was used to stain for lipid for 10 min, and cells were then washed with PBS and counterstained with DAPI. For GW4064 treatment, Hepa1c1c7 cells were transfected with GFP-LC3, and 24 h later, cells were treated with GW4064 or DMSO for 6 h, incubated with HBSS for 3 h, and then stained with BODIPY and counterstained with DAPI. Biochemical localization study. Mice were fasted or fed overnight. Liver tissues (pooled from three wild-type or Fxr 2/2 mice) were minced and then resuspended in hypotonic buffer and cells were lysed by homogenization. After centrifugation, the nuclear pellet and cytoplasmic supernatant were collected as previously described 26 . Cytoplasmic b-tubulin and nuclear lamin A were detected as controls for the quality of cellular fractionation. Hepatocyte isolation and autophagy studies in cells. Primary hepatocytes were isolated by collagenase (0.8 mg ml 21 , Sigma-Aldrich Co.) perfusion through the portal vein of mice anesthetized with isoflurane as previously described 27 . Hepatocytes or Hepa1c1c7 cells were incubated with HBSS starvation media or with complete media and treated with vehicle, GW4064 (100 nM), rapamycin (100 nM), Torin1 (1 mM), chloroquine (50 mM) or bafilomycin A 1 (100 nM) for the indicated times, or siRNA (5-20 nM) for 48-72 h. Liver ChIP and sequential re-ChIP. ChIP and re-CHIP assays were performed as previously described 25, 26 . Livers from wild-type or Fxr 2/2 mice were minced and incubated in PBS containing 1% formaldehyde for 10 min, and glycine was added to a concentration of 125 mM. Minced liver was resuspended in hypotonic buffer and cells were lysed by homogenization. Nuclei were pelleted, resuspended and sonicated, and chromatin was immunoprecipitated using 1-1.5 mg of antibody. For re-ChIP assays, CREB was immunoprecipitated first and chromatin was eluted by adding 50 ml of 10 mM dithiothreitol (DTT) at 37 uC for 30 min. The chromatin samples were then diluted 20-fold with 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA and 1% Triton X-100, and then re-immunoprecipitated. The immunoprecipitates were extensively washed, chromatin was eluted, and the amounts of genomic DNA were determined by semi-quantitative PCR or quantitative PCR (primer sequences in Supplementary Table 6 ). Tfeb-luc and Atg7-luc construction and luciferase assay. DNA fragments near the Tfeb gene (ch17:47907235-47908235) and the Atg7 gene (chr6:114772715-114773373) that contained FXR peaks were amplified by PCR from mouse genomic DNA and cloned into the PGL3-SV40-Luc vector at the Kpn1/Nhe1 and SacI/BglII sites, respectively, and the cloning was confirmed by sequencing. A FXR mutant was constructed by mutation at the first zinc finger in the DNA binding domain. The values for luciferase activities were normalized to b-gal activities. GST pull-down, co-immunoprecipitation and qRT-PCR. Sequence encoding the FXR domains, AF1, DNA-binding domain (DBD) or ligand-binding domain (LBD) was amplified by PCR. The PCR product was inserted into the pGEX4T-1 vector at BamH1 and Xho1 sites. GST-FXR fusion proteins were expressed in Escherichia coli BL21/DE3 and purified, CREB was synthesized in vitro by in vitro transcription and translation (TNT) (Promega, Inc.), and GST pull-down assays were performed. For co-immunoprecipitation experiments, whole liver extracts from mice were prepared and the indicated proteins were immunoprecipitated, and proteins in the immunoprecipitates were detected by immunblotting. For quantitative reverse transcription PCR (qRT-PCR), total RNA was isolated, complementary DNA was synthesized, and qRT-PCR (primer sequences in Supplementary Table 7 ) was performed with an Applied Biosystems 7500 qPCR machine. The amount of mRNA was normalized to that of 36B4. Gel mobility shift assay. Gel-shift assays were done as previously described 25 . Doublestranded oligonucleotides (31-32 monomeric units) that contain the CREB-binding site from the Atg7, Ulk1 and Tfeb genes were labelled with [c-32 P]ATP and incubated with purified CREB and FXR, and with CRTC2 synthesized by TNT (Promega, Inc.), in the presence of 100 ng poly(deoxyinosinic-deoxycytidylic acid) and 20 mg BSA. For competition experiments, increasing amounts (1, 3 and 15 ng) of unlabelled oligonucleotide competitors containing a CREB sequence ( Supplementary  Table 8 ) from Atg7, Ulk1 and Tfeb (a consensus CREB site in intron 1), Tfeb (a variant CREB site in the promoter), or Pepck as a positive control were incubated 5 min before adding the probe. Binding reactions were analysed by electrophoresis in a low ionic TAE buffer with re-circulation of buffer. Statistical analyses. Sample sizes were at least n 5 3 to allow statistical analysis, and for image quantification 10-30 cells were counted. Data are mean 6 s.e.m. P values were generated using Student's t-test (*P , 0.05, **P , 0.01). No statistical method was used to predetermine sample size. ChIP-seq data analyses for FXR and CREB. We analysed published ChIP-seq data for FXR 12, 13 and CREB 15, 19 . ChIP-seq reads were uniquely mapped to the mouse reference genome (mm9) by Bowtie with at most two mismatches. MACS (http:// liulab.dfci.harvard.edu/MACS/) was used to find ChIP-seq peaks with default parameters. Autophagy genes containing FXR or CREB binding peaks within 10 kb of the TSS were considered potential FXR or CREB target genes. Genes were considered to have overlapping FXR-CREB binding peaks if the distance between the midpoints of the FXR and CREB binding peaks was less than 500 base pairs (bp). To identify CREB binding motifs on 78 autophagy genes with overlapping sites, FIMO was used to search for two CREB known motifs within 500 bp of the midpoints between the centres of the overlapping FXR and CREB peaks using position weight matrices, MA0018.1 and MA0018.2, from the JASPAR database with P , 0.001. Identification of transcription factor motifs within FXR binding peak regions. For the de novo motif analysis within the FXR peaks, the 36 motifs with the least motif score, 1.19, were identified using the Gibbs sampling method, with a maximum motif length set to 30 bp. A total of 50,000 iterations for Markov chain Monte Carlo were used, the top 36 motifs were chosen for transcriptional factor identification. Motif similarity was analysed using the on-line STAMP tools (http://www.benoslab.pitt. edu/stamp/). 
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Extended Data Figure 1 | Pharmacological activation of FXR increases its binding to hepatic autophagy genes and decreases their mRNA and pre-mRNA levels. a, FXR binding peaks at selected autophagy-related genes. Figures were generated from mouse liver ChIP-seq data using the University of California, Santa Cruz (UCSC) genome browser. Mice were fed a normal chow diet (ND), and treated with vehicle (GW2) or GW4064 (GW1) for 1 h. The direction of gene transcription is indicated by the arrow, and the beginning of the arrow indicates the TSS. b, Wild-type or Fxr 2/2 mice were fasted for 10 h and treated with GW4064 (30 mg kg 21 , intraperitoneally) or vehicle for 6 h, and liver tissues were then collected. Liver ChIP assays were performed to confirm occupancy of FXR at the indicated genes. KO, knockout. c, Wild-type or Fxr 2/2 mice were fasted for 10 h and treated with GW4064 (30 mg kg 21 , intraperitoneally) or vehicle for 6 h. Livers were collected and mRNA levels of the indicated genes were determined by quantitative reverse transcription PCR (qRT-PCR). d, Wild-type mice were fasted for 10 h and treated with vehicle or GW4064 (30 mg kg 21 , intraperitoneally) for 6 h. Livers were collected and pre-mRNA levels of the indicated genes were determined by qRT-PCR. Data are mean 6 s.e.m., n 5 3. *P , 0.05, **P , 0.01 (Student's t-test).
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Extended Data Figure 4 | Effects of downregulation of ATG7, CREB1 or TFEB on lipophagy and expression of autophagic and metabolic genes in Hepa1c1c7 cells. a, Cells were incubated in HBSS for 3 h to mimic fasting, and ATG7 protein levels were determined by immunoblot. Cells were transfected with the GFP-LC3 plasmid to monitor autophagic puncta in control and autophagy-deficient cells. Images were counterstained with DAPI. b, Effects of downregulation of ATG7 and overexpression of CREB on lipophagy. c, Effects of treatment with GW4064 on lipophagy in HBSS-incubated starved Hepa1c1c7 cells. d, e, Hepa1c1c7 cells were transfected with siRNA or with an expression plasmid as indicated. d, TFEB and CREB protein levels were measured by immunoblot. GFP-LC3 fluorescence was used to monitor autophagy in fasted cells. mRNA levels of autophagy genes were measured by qRT-PCR. e, TFEB and CREB protein levels were measured by immunoblot. GFP-LC3 fluorescence was used to monitor autophagy in fasted cells. The mRNA levels of autophagy genes were measured by qRT-PCR. Data are mean 6 s.e.m., n 5 3.
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Extended Data Figure 5 | FXR directly interacts with CREB and antagonizes transcriptional activity of CREB. a, Atg7 or Tfeb DNA fragments that contained both FXR and CREB peaks sites were cloned and inserted into a luciferase vector. Neither expression of CREB and its coactivator CRTC2 nor expression of FXR increased luciferase activity after mutation of the CREB-binding sites (indicated by X). b, Effects of downregulation of CREB in Hepa1c1c7 cells by siRNA on Atg7 or Tfeb luciferase reporter activity. The values for firefly luciferase activities were normalized by b-galactosidase activities. Data are mean 6 s.e.m., n 5 3. c, Hepa1c1c7 cells were transfected with the Tfeb-luc reporter, with CREB and CRTC2 expression plasmids, and with increasing amounts of expression plasmids for FXR, CAR, HNF4 and LRH1. Cells were treated with GW4064 and TCPOBOP for 3 h to activate FXR and CAR, respectively. The values for firefly luciferase activities were normalized to b-galactosidase activity. d, Co-immunoprecipitation assays: mice were fasted for 10 h, and then treated with GW4064 or vehicle for 6 h. Livers were pooled (n 5 3), CREB was immunoprecipitated from whole-cell extracts, and the levels of CRTC2, FXR and CREB in the immunoprecipitates were determined by immunoblot. e, GST pull-down assays: at the top, different fragments of GST-FXR were purified as GST fusion proteins as indicated, and analysed by colloidal staining after SDS-PAGE at the bottom. Binding of CREB to the GST proteins was detected by immunoblot (middle). f, g, Effects of DBD mutation on repression of autophagy genes. f, In vitro gel-shift assays were performed using partially purified RXR and FXR proteins (wild-type or DBD mutant by mutation at the first zinc finger) synthesized by in vitro transcription and translation. g, Luciferase reporter assays: effects of an FXR DBD mutant (MT) on Tfeb-luc activity.
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